We experimentally demonstrate the existence of elastic turbulence in straight channel flow at low Reynolds numbers. Velocimetry measurements show non-periodic fluctuations in the wake of curved cylinders as well as in a parallel shear flow region. The flow in these two locations of the channel is excited over a broad range of frequencies and wavelengths, consistent with the main features of elastic turbulence. However, the decay of the initial elastic turbulence around the cylinders is followed by a growth downstream in the straight region. The emergence of distinct flow characteristics both in time and space suggests a new type of elastic turbulence, markedly different from that near the curved cylinders. We propose a self-sustaining mechanism to explain the sustained fluctuations in the parallel shear region. 
, between concentric cylinders [1, 2, 4, 12] , curved channels [11] , and around obstacles [5, 25] . In these systems, high velocity gradients and curved streamlines can stretch the polymer molecules, inducing elastic stress and flow instabilities [22] . In fact, it has been argued that curvature is a necessary condition for infinitesimal perturbations to be amplified by the normal stress imbalances in viscoelastic flows [26] [27] [28] , and much of recent work on elastic turbulence has been devoted to geometries with curvature [9, 25] .
Recently it has been shown that flows of viscoelastic fluids in parallel geometries (pipes and channel flows) can be nonlinearly unstable to finite perturbations [8, 29] . Theoretical investigations using non-linear perturbation analysis [29] [30] [31] [32] predict a subcritical bifurcation from stable base states while non-modal stability analysis predicts transient growth of perturbation before decay [33, 34] . Recent experiments have shown the existence of such subcritical transition (and hysteretic behavior) for the flow of a viscoelastic fluid in a straight channel geometry in the absence of inertia (i.e. low Re) [8] . This subcritical transition in viscoelastic channel flows was shown to be akin to the transition from laminar to turbulent flows of simple Newtonian fluids (e.g. water) in pipes, except that the governing parameter is the Weissenberg number (Wi), defined as the product of the fluid relaxation time λ and the flow shear-rateγ. However, the main features of the resulting unstable flow have yet to to be well characterized and as a result the flow of viscoelastic fluids in channel flows remain poorly understood. In this manuscript, we investigate the flow of a polymeric fluid in a straight micro-channel at low Re using particle tracking methods. The flow is excited using a linear array of cylinders and is monitored (i) immediately after the array of cylinders and (ii) far downstream. We find that both the flow next to the cylinder and far downstream show features of elastic turbulence including velocity fluctuations excited on a broad range temporal frequencies and spatial length scales. There are, however, significant differences between the flow in the parallel shear region and near the cylinders including the flow structure (c.f. Fig. 1b,c) , velocity time series statistics, and temporal and spatial spectra decay. A simple mechanism is proposed for the sustained fluctuations observed in the parallel shear flow region based on a simple self-sustaining mechanism of energy flow between the flow fluctuation and polymer elastic energy.
The flow of a dilute polymeric solution is investigated using a straight microchannel with a squared cross-sectional area (W = D = 100 µm). The microchannel is made of polydimethylsiloxane(PDMS) using standard soft-lithography methods. The length of the microchannel is much larger than its width L/W = 330, and it is partitioned into two regions. The first region is comprised of a linear array of cylinders that extends for 30W .
A total of 15 cylinders (n = 15) are used in the linear array; an schematic is shown in Fig. 1(a) . Each cylinder has a diameter of d of 0.5W and are evenly spaced by a distance = 2W ; the last cylinder is at position x = 0. A long parallel shear flow region 300W in length follows this initial linear array of cylinders. More details on the channel design can be found elsewhere [8] .
The polymeric solution is prepared by adding 300 ppm of polyacrylamide (PAA, 18×10 To quantify the temporal dynamics of the flow, we measure the centerline velocity fluctuations u c (t) for both Newtonian and polymeric solutions in the wake of the cylinder (Fig. 2a) and in the parallel shear region (Fig. 2b) The contrast between the flow in these two locations can be quantified by computing the normalized probability distribution of u c (t) (Fig. 2c) . In the cylinder wake, we find that the mode of the distribution has a negative bias towards lower velocity, consistent with the data in Fig. 2(a) . We also find a pronounced tail towards high velocities, which indicates that the distribution is positively skewed. In the parallel shear region (Fig. 2c) , by contrast, we find a symmetric distribution that is well represented by a Gaussian fit (solid line). Consequently, the skewness of the distribution is 0.41 at 2W , compared to the much lower 0.06 at 200W .
We believe that near the cylinder (2W ), the observed aperiodic jumps in u c (t) are associated with the sudden release of elastic energy by polymer molecules into the flow (analogous to the intermittently injection of elastic energy in [24, 36] ). Far downstream (200W ), on the other hand, the even likelihood of velocity above and below the mean value indicates a unbiased energy transfer back and forth between the polymer and the flow. This idea is further developed below by monitoring the fluctuations of the spatial velocity gradients, the random components of the flow that drive the stretching of polymers [37] .
Next, we analyze the velocity fluctuations by computing the frequency power spectra. This feature is one of the main hallmarks of elastic turbulence, which is most often observed in curved geometries [10] . in the wake of the cylinder (2W ). We note that this value (−1.7) is significantly higher than the value of −3.4 reported in a recent 2D simulation of an Oldroyd-B fluid flowing in a channel with periodic array of cylinders [25] . Moreover, the power law exponent −1.7 is relatively high compared to experiments of viscoelastic flows in closed systems with curved streamlines; for example, a −3.3 exponent was reported in a serpentine flow [11] . However, Groisman and Steinberg [9] reported a high power decay exponent, between -1.1 and -2.2, in experiments in a Taylor-Couette geometry, where rotation period is close the polymer relaxation time. We note that in our flow geometry, the time scale associate with the flow round the linear array of cylinders ranges from U/n ∼1 Hz to U/d ∼100 Hz and represents the frequency by which the mean flow is perturbed by the periodic cylinder array. This range overlaps with the polymer relaxation time scales (1-10 Hz) over a frequency decade.
We believe that the abnormally gradual decay of the power spectra in the immediate wake of the cylinders is likely the result of the overlap of these two time scales.
As the flow moves downstream from the array of cylinders into the parallel shear flow region, we observe clear developments in the frequency spectra. We find that, in a few channel widths after the last cylinder, the energy decreases in the high frequency range (10-100 Hz), which corresponds to the periodic perturbation introduced by the cylinders. At x = 20W , the decrease in high frequency fluctuations intensifies across two frequency decades.
On the other hand, the power in the low frequency range (0.01-0.1 Hz) of the spectrum increases. The combined result is that, after 20W , velocity fluctuations are increasingly dominated by low frequency variations and the power law decay becomes steeper, following
Next, we compute the total spectral power by summing over the dominant frequency range (0.01-100 Hz). This is equivalent to the standard deviation of the time series if all valid frequencies are used. The evolution of the total energy down the channel is shown in (Fig. 3b inset) , despite the dissipative environment (Re ∼0.01). Such persistence of fluctuation energy suggests a selfsustaining mechanism that has yet to be fully elucidated.
We now turn our attention to the spatial features of the viscoelastic flow. Figure 4(a) shows the spatial spectra of u along the wall-normal direction y. This direction is chosen to reflect the flow structure across the channel width. We find that the flow is activated at a wide range of spatial frequencies k and that spatial variations in u are much stronger near the array of cylinders than in the parallel shear region; see also Fig. 1(b,c) . The spatial spectrum of the viscoelastic flow near the cylinder follows a k −3 decay. As the fluid travels downstream into the parallel shear flow, the spatial fluctuations weaken and the spectrum follows k −2 ; the data also shows that these spatial fluctuations are almost uniform across the channel (see Fig. 1c ).
So far we have shown that the flow of a polymeric fluid in a parallel shear geometry can sustain relatively large velocity fluctuations in both space and time even at low Re.
A possible mechanism for these sustained fluctuations may be due to an energy transfer between the elastic energy from polymer stretching and the kinetic energy in the flow.
To test this hypothesis, we measure the root mean square (rms) variation of the shearing (∂u/∂y) and elongational (∂u/∂x) components of the velocity gradient; these components (quantities) are known to mediate polymer stretching in random flows [37] [38] [39] [40] . We would like to thank V. Steinberg, G. Voth, C. Wagner, Y. Dubief, S. Kumar, and M.
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